While methamphetamine addiction has been associated with both impulsivity and striatal dopamine D 2 /D 3 receptor deficits, human studies have not directly linked the latter two entities. We therefore compared methamphetamine-dependent and healthy control subjects using the Barratt Impulsiveness Scale (version 11, BIS-11) and positron emission tomography with [
Introduction
Dopamine is thought to influence impulsivity (Congdon and Canli, 2005) , a category of behaviors encompassing deficits in the ability to delay immediate gratification for future larger rewards, and in response inhibition. Novelty-seeking, which includes a dimension of impulsiveness (Cloninger et al., 1993) , and attention deficit/hyperactivity disorder (ADHD), which features impulsivity as a symptom (DSM-IV) (Solanto, 2002) , are associated with variants of genes encoding synaptic proteins that modulate dopaminergic activity (Faraone et al., 2001 (Faraone et al., , 2005 Schinka et al., 2002; Limosin et al., 2003; Congdon and Canli, 2005; Eisenberg et al., 2007; White et al., 2008) . Furthermore, administration of dopaminergic agonists reduces impulsive responding by ADHD and control subjects (Tannock et al., 1989; Aron et al., 2003) , and rats (Wade et al., 2000; van Gaalen et al., 2006) . Suboptimal activity (too much or too little) at D 2 -like (D 2 /D 3 ) receptors apparently induces impulsive responses. Systemic amphetamine increases premature responding on a five-choice serial reaction time task, and administration of a D 2 -like receptor antagonist into subregions of the rat nucleus accumbens attenuates this effect (Pattij et al., 2007) . D 2 /D 3 receptor blockade impairs response inhibition in reversal learning tasks in various species (Ridley et al., 1981; Lee et al., 2007) and increases impulsive choice by rats on a delay-discounting task (Wade et al., 2000; van Gaalen et al., 2006) . Premature responding also was associated with low D 2 /D 3 receptor availability in the ventral striatum of rats and with high scores of "addiction-like behaviors" after chronic cocaine self-administration (Dalley et al., 2007; Belin et al., 2008) . Last, the A1 allele of the DRD2/ANKK1-TaqIa gene has been associated with impulsivity (Limosin et al., 2003; Eisenberg et al., 2007; White et al., 2008; Esposito-Smythers et al., 2009) .
Methamphetamine abusers exhibit losses in striatal D 2 /D 3 receptor availability (Volkow et al., 2001) ; and amphetamine abusers give higher self-ratings of impulsiveness than healthy control subjects (Clark et al., 2006; Ersche et al., 2008) . Stimulant abusers also underperform on tests of inhibitory control and delay of reward (Monterosso et al., 2005; Clark et al., 2006; Payer and London, 2009) . Correlations of striatal D 2 /D 3 receptor availability with glucose metabolism in the prefrontal cortex (Volkow et al., 1993 (Volkow et al., , 2001 (Volkow et al., , 2008 , which is thought to moderate impulsivity (Brennan and Arnsten, 2008; Dalley et al., 2008) , indirectly suggest a relationship. However, while novelty seeking is negatively correlated with D 2 /D 3 receptor availability in right insular cortex (Suhara et al., 2001 ) and midbrain in healthy subjects (Zald et al., 2008) , direct evidence linking striatal D 2 /D 3 receptors and impulsivity in humans has been lacking.
To directly assess the link between striatal D 2 /D 3 receptors and impulsivity, we administered the Barratt Impulsiveness Scale (BIS-11) and performed positron emission tomography (PET) to assess striatal D 2 /D 3 receptor availability in healthy control subjects and in participants who met criteria for methamphetamine dependence. We hypothesized a negative association between striatal D 2 /D 3 receptor availability and impulsiveness extending across groups, consistent with a role of these receptors in impulsive temperament.
Materials and Methods
Subjects. Fifty-one methamphetamine-dependent [age ϭ 33.6 Ϯ 8.8 (SD) years, 30 men] and 66 healthy control subjects [age ϭ 31.3 Ϯ 8.3 (SD) years, 34 men] completed the BIS-11. PET scanning was initiated later in the study; participants in each group (22 methamphetamine subjects, 30 healthy control subjects) completed PET scanning. Following a thorough explanation of the study, each subject gave informed written consent to participate. The study was approved by the University of California, Los Angeles (UCLA) Office for Protection of Research Subjects. The Structured Clinical Interview for DSM-IV was used to identify and exclude healthy control subjects with axis I psychiatric diagnoses other than nicotine dependence, and methamphetamine subjects with any axis I diagnoses unrelated to drug abuse or dependence. The methamphetamine subjects all had positive urine tests for methamphetamine upon entry to the study. They resided at the UCLA General Clinical Research Center for the course of the study; healthy control subjects participated on a nonresidential basis.
Impulsiveness measure. The BIS-11 (Patton et al., 1995) , which includes three subscales (cognitive, motor, nonplanning), was administered; and each item was rated from 1 (absent) to 4 (most extreme). Self-reports of impulsivity were obtained during the first 2 weeks (0 -12 d) after entry to the study. At this time, methamphetamine subjects were abstinent from methamphetamine for an average of 2.5 d (range of 0 -15). There was no significant relationship between duration of abstinence and BIS scores (all p values Ͼ0.236).
PET scanning. Dopamine D 2 /D 3 receptor availability was assayed using [
18 F]fallypride, a radioligand with high affinity for D 2 /D 3 receptors (Mukherjee et al., 1995) . The methamphetamine subjects were abstinent from the drug for 4 -10 d when scanned. Images were acquired using a Siemens ECAT EXACT HRϩ scanner [in-plane resolution full-width at half-maximum (FWHM) ϭ 4.6 mm, axial FWHM ϭ 3.5 mm, axial field of view ϭ 15.52 cm] in three-dimensional (3D) mode. Subjects were placed in the supine position, with the brain centered in the transaxial field of view. A 7 min transmission scan was acquired using a rotating 68 Ge/ 68 Ga rod source for attenuation correction. PET dynamic data acquisition was initiated with a bolus injection of [
18 F]fallypride (ϳ5 mCi in 30 s). To minimize discomfort, the subject was given a 20 min break after the first 80 min of data acquisition, and then returned to the scanner bed. After a second 7 min transmission scan, emission data were collected for another 80 min. The total dynamic scanning sequence consisted of six 30 s frames, seven 1 min frames, five 2 min frames, four 5 min frames, and 12 10 min frames. Data were reconstructed using ECAT v7.3 OSEM (Ordered Subset Expectation Maximization; 3 iterations, 16 subsets) after corrections for decay, attenuation, and scatter.
Structural magnetic resonance imaging. Participants who had PET scans also had structural scans on a 1.5-T magnetic resonance imaging (MRI) scanner (SIEMENS Sonata). A high-resolution sagittal T1-weighted 3D volumetric scan was acquired using a whole brain MPRAGE sequence (repetition time/echo time ϭ 25/11 ms, number of excitations ϭ 1, slice thickness ϭ 1.2 mm contiguous, in-plane resolution ϭ 1 ϫ 1 mm 2 , runtime ϭ 10 min). MRI processing and definition of volumes of interest. All images were aligned to a standardized stereotactic space defined relative to the anterior and posterior commissures, such that the axial plane became the default plane; and the origin of the image was set to the anterior commissure. The caudate nucleus, putamen and nucleus accumbens were defined as volumes of interest (VOIs) using an automated procedure (FSL FIRST; FMRIB Integrated Registration and Segmentation Tool, Oxford University, Oxford UK) that provides a 3D binary mask for these regions in native space (http://www.fmrib.ox.ac.uk/fsl/first/index.html). Two investigators (AVB and BL) manually refined the automatically generated VOIs, following methods described in the Segmentation Manual by the Center for Morphometric Analysis at Harvard Medical School and MA General Hospital (http://www.cma.mgh.harvard.edu/manuals/ segmentation/) (intraclass correlation coefficients: 0.900, 0.985, 0.886, for caudate nucleus, putamen, and nucleus accumbens, respectively). All VOIs were drawn from the most anterior slice in which the structure appeared. The nucleus accumbens was sampled until one slice before the anterior commissure clearly appeared. The caudate nucleus VOI included the head and body of caudate, and the putamen VOI included the entire putamen.
PET image processing. The dynamic frames were spatially aligned to a reference image (middle frame) using SPM5 (Wellcome Department of Cognitive Neurology, The Wellcome Trust Centre for Neuroimaging, London, UK) to correct for head motion and differences in positioning (before vs after the break). All realigned PET images were then reoriented to a standardized stereotactic space defined relative to the anterior and posterior commissures, such that the axial plane became the default plane, and the origin of the image was set to the anterior commissure. A reference VOI was drawn on the cerebellar hemispheres (including left and right cerebellum), which have very low D 2 /D 3 receptor availability (Mukherjee et al., 2002) . The VOIs were moved from the MRI space to the PET space using a linear transformation that coregistered the MRI images to the PET images. The volumes of the coregistered VOIs were the same as those drawn on the MRI images, except for slight changes due to interpolation (differences Ͻ1%). Time-activity curves (TACs) were extracted from coregistered VOIs in the realigned PET frames. The Logan reference-tissue model (Logan et al., 1996) implemented in PMOD 3.0 (PMOD Technologies) was used to calculate binding potentials (from the TACs) and generate parametric images of binding potentials.
Briefly, the distribution volume ratio (DVR) between a VOI (or voxel) and the reference region can be directly calculated with the graphical method using linear regression (Eq. 1), where C( T) is the VOI (or voxel) tracer activity, CЈ( T) is the average tracer activity in the reference region, both at time T, and the regression slope is DVR. The quantity DVRϪ1 is defined as binding potential (BP ND ), an index for in vivo receptor availability (Mintun et al., 1984; Logan et al., 1996; Innis et al., 2007) . This model requires the average rate constant (kЈ 2 ) for transfer from the reference tissue to arterial plasma as an input parameter. Since the kЈ 2 determined from the simplified reference-tissue model is a suitable estimate for the average kЈ 2 (Wu and Carson, 2002) , we used the average kЈ 2 obtained from this method applied to the caudate nucleus and putamen, as suggested by Ichise et al. (2008) .
Spatial normalization of BP ND images. The parametric BP ND images were warped into a common stereotactic space [Montreal Neurological Institute (MNI) space] using MRI-guided spatial normalization (SPM5). The T1-weighted MRI of each subject was first coregistered to the mean PET image of the realigned PET frames, from which the BP ND image was generated. The coregistered MRI was then spatially normalized to MNI305 space using nonlinear registration, and the same transformation matrix was applied to the BP ND image to normalize it. No additional smoothing was applied to the spatially normalized BP ND images.
Statistical analyses. We tested the group difference in age by an independent-samples t test, and group differences in sex and smoking status by Fisher's exact test. Since the methamphetamine subjects were predominantly tobacco smokers, smoking was a potential confound. We examined the healthy control group, which contains comparable numbers of smokers and nonsmokers, for the effect of smoking on the BIS subscales, and on BP ND for the three striatal VOIs.
We examined group differences in the three BIS subscales with multivariate analysis of covariance (MANCOVA), with group as the factor and smoking status and age as covariates as appropriate. We applied Holm-Bonferroni corrections to post hoc independentsamples analysis of covariance (ANCOVA). BIS total score was similarly analyzed by ANCOVA. Using MANCOVA/ANCOVA we analyzed the BIS subscales and BIS total score for the effect of cumulative exposure (self-reported years of abuse) and of recent exposure to methamphetamine (self-reported days of methamphetamine abuse in the 30 d before the study), controlling for age in the former since cumulative exposure is expected to be strongly correlated with age.
We examined group differences in BP ND for the three striatal VOIs with MANCOVA, with group as the factor and smoking status and age as covariates as appropriate, followed by Holm-Bonferroni-corrected post hoc independent-samples ANCOVA. Using MANCOVA of BP ND in the three striatal volumes, we tested for effects of cumulative and recent exposure to methamphetamine, controlling for age in the former assessment.
We studied the relationship between BIS total score and BP ND for the three striatal VOIs, controlling for age. Multiple VOI analyses were performed by canonical correlation for the methamphetamine and healthy control groups separately, followed by post hoc assessments of correlations for each VOI. To obtain sensitivity in substructures within VOIs, BP ND images (thresholded to exclude voxels with negligible D 2 /D 3 binding, i.e., BP ND Ͻ 0.2) were subjected to linear regression to test associations with BIS total scores. Control for familywise error was implemented using nonparametric randomization tests with the FSL RANDOMISE v2.1 tool (Permutation-based nonparametric inference, Oxford University, Oxford UK), with variance smoothing of 10 mm (FWHM Gaussian) (http://www.fmrib.ox.ac.uk/fsl/randomize). This method repeatedly reorders the rows of the design matrix and computes the whole-brain statistical map for each sample, recording the maximum statistic across the brain for each sample to obtain an empirical null distribution (Nichols and Holmes, 2002) . The methamphetamine and healthy control subjects were treated as "exchangeability blocks" within a single model; the design matrix was resampled within each group. Threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009 ) was used to detect significant clusters of activation; this method provides the ability to perform cluster-based inference without the need to specify an arbitrary cluster-forming threshold, as is necessary when using Gaussian random field theory. For each analysis, 5000 randomization runs were performed. Statistical maps were thresholded at one-tailed p Ͻ 0.05 corrected for the entire search volume, though some results are reported at more lenient thresholds as noted in the results section.
Results
For subjects completing the BIS-11, the groups did not differ in sex (Fisher's Exact test: p ϭ 0.46) or age (t (115) ϭ 1.498, p ϭ 0.14) ( Table 1 ). The PET subgroups also did not differ in sex (Fisher's Exact test: p ϭ 0.78) or age (t (50) ϭ 0.265, p ϭ 0.79) ( Table 1) . A significantly larger proportion of the methamphetamine subjects were daily tobacco smokers (Fisher's exact test: p Ͻ 0.001). On average, the methamphetamine subjects reported methamphetamine abuse for 12.5 years (SD ϭ 7.4), and used 3.3 g of methamphetamine (SD ϭ 4.5) per week during the month before study. For the methamphetamine subjects, age and cumulative exposure to methamphetamine were strongly correlated (r ϭ 0.63, p Ͻ 0.001).
Effects of smoking status and age
The effect of age was not significant for BIS subscales (multivariate regression: 2 (3) ϭ 7.2, p ϭ 0.07) but highly significant for BP ND (multivariate regression: 2 (3) ϭ 13.3, p ϭ 0.004). For subsequent tests of BP ND we controlled for age. For the healthy control group, the effect of smoking was significant for neither BIS subscales (MANOVA: Wilks' lambda ϭ 0.93, 2 (3) ϭ 4.2, p ϭ 0.24) nor BP ND (MANOVA: Wilks' lambda ϭ 0.97, 2 (3) ϭ 0.87, p ϭ 0.83).
BIS subscales and BIS total score
The BIS subscales showed a significant effect of group (MANOVA: Wilks' lambda ϭ 0.73, 2 (3) ϭ 35.2, p Ͻ 0.001). Post hoc, independent-samples ANCOVA showed the methamphetamine subjects scoring significantly above the healthy control subjects on all three subscales (all F (1,115) Ն 13.1, all p values Ͻ 0.001). For BIS total score, the methamphetamine subjects scored above the healthy control subjects [69.3 (SD ϭ 10.1) vs 57.4 (SD ϭ 10.3), respectively] (t (115) ϭ 6.2, p Ͻ 0.001). For the methamphetamine group, the cumulative effect of methamphetamine, controlling for age, was nearly significant (multivariate regression:
2 (3) ϭ 7.7, p ϭ 0.053), but the effect of recent meth- 
VOI Analysis of D 2 /D 3 receptor availability (BP ND )
Striatal BP ND in the methamphetamine subjects was lower than in the healthy control subjects, by 16.1% in the caudate nucleus, 12.6% in the putamen, and 8.4% in the nucleus accumbens (Fig. 1) . MANCOVA of BP ND, for the three VOIs, controlling for age, gave p ϭ 0.008 (Wilks' lambda ϭ 0.79, 2 (3) ϭ 9.9). Post hoc, independent ANCOVA yielded p ϭ 0.0015 (F (1,49) ϭ 11.1), 0.013 (F (1,49) ϭ 6.6), 0.10 (F (1,49) ϭ 2.8), for the caudate nucleus, putamen, and nucleus accumbens respectively; the first two reaching statistical significance when Holm-Bonferroni corrected. Controlling for age, BP ND for the methamphetamine group was significantly negatively affected by cumulative exposure to methamphetamine (multivariate regression:
2 (3) ϭ 3.3, p ϭ 0.048). Post hoc univariate regression yielded p ϭ 0.011, 0.005, 0.032 ( 2 (1) ϭ 2.99, 7.9, 4.6) for the caudate nucleus, putamen and nucleus accumbens, respectively, all three reaching corrected significance. There was no significant relationship between striatal BP ND and frequency of recent use (multivariate regression:
Relation between BIS and BP ND (VOI analysis)
The relation between BIS total score and BP ND in each group separately was assessed by canonical correlation, controlling for age. For the methamphetamine group, we obtained significant negative correlation (r ϭ Ϫ0.71, p ϭ 0.0044), lower receptor availability being associated with higher impulsiveness (Fig. 2) . The post hoc Pearson correlations were as follows: caudate nucleus (r ϭ Ϫ0.63, p ϭ 0.002), putamen (r ϭ Ϫ0.41, p ϭ 0.068), nucleus accumbens (r ϭ Ϫ0.45, p ϭ 0.043). Of the individual regions, only the caudate nucleus showed significance after Holm-Bonferroni correction. For the healthy control group we obtained p ϭ 0.64 (r ϭ Ϫ0.25). Age and BIS total score were sufficient to explain the variance in BP ND ; after controlling for age and BIS total score, we found no group effect (MANCOVA: Wilks' lambda ϭ 0.93, 2 (3) ϭ 3.77, p ϭ 0.29).
Relation between BIS and BP ND (voxelwise analysis)
We found a significant correlation ( p Ͻ 0.05, TFCE-corrected) between BP ND and BIS total scores in the left caudate nucleus and right lateral putamen/claustrum when data from both groups were combined (Fig. 3A) . Modeling the groups separately, there were significant effects in both groups at a slightly weaker corrected threshold of p Ͻ 0.12 (Fig. 3, B and C, illustrates results at p Ͻ 0.20). For healthy control subjects, the region of significant correlation was limited to the lateral putamen/claustrum, though a region in the caudate was apparent at a weaker corrected thresh- Figure 2 . Regression lines illustrate the correlations for the methamphetamine (row A) and healthy control (row B) groups. The values for BIS total impulsiveness scores and BP were corrected for age and then normalized (i.e., converted to z-scores) within each group. As shown above, negative correlations in the methamphetamine group were of similar magnitude for the three striatal regions, reaching statistical significance even with Holm-Bonferroni correction in the caudate nucleus ( p values ϭ 0.002, 0.068, and 0.043 for caudate nucleus, putamen, and nucleus accumbens, respectively). The difference in correlations between methamphetamine and healthy control subjects was not significant for any region ( p values ϭ 0.086, 0.485, and 0.249 for caudate nucleus, putamen, and nucleus accumbens, respectively). Results from voxelwise regression of BP ND on BIS total scores, shown for the combined (n ϭ 52) (A), the healthy control (n ϭ 30) (B), and the methamphetamine-dependent (n ϭ 22) (C) groups. TFCE probability maps are overlaid on the averaged normalized anatomy. Statistical maps for the combined group are shown with results thresholded at TFCE-corrected p Ͻ 0.05. Data for the individual group are shown at a more liberal threshold ( p Ͻ 0.2, corrected) for illustration only.
old of p Ͻ 0.25. For methamphetamine subjects, the region of significant correlation included the head and body of caudate as well as putamen, bilaterally. A direct comparison of the BIS/BP ND relation across groups showed no significant voxels, even at p Ͻ 0.005 uncorrected, suggesting that any differences between groups are minimal despite the apparent differences in the activation maps.
Discussion
In this study, methamphetamine subjects viewed themselves as more impulsive than did healthy control subjects; and they exhibited lower striatal D 2 /D 3 receptor availability. VOI analysis indicated a significant negative relationship between striatal D 2 /D 3 receptor availability and impulsiveness in methamphetamine-dependent subjects, while voxelwise analysis revealed striatal regions where D 2 /D 3 receptor availability was significantly related to impulsiveness across both subject groups.
PET (Volkow et al., 2001) , and extended analysis to the nucleus accumbens, where there was no group difference. The nucleus accumbens is smaller and less well defined than the caudate nucleus and putamen, leading to greater variability in determining its D 2 /D 3 BP ND , therefore providing less power to detect a group difference in that structure.
The deficit in striatal D 2 /D 3 receptor availability in the methamphetamine group was related to cumulative methamphetamine exposure but not frequency of recent methamphetamine abuse. This observation contrasts with some findings that some indices of methamphetamine exposure were not related to various outcome measures, including cerebral blood flow (Chang et al., 2002) , striatal dopamine transporter availability (McCann et al., 2008) , or microglial activation in the brain (Sekine et al., 2008) , and with a few reports linking cognitive deficits to frequency of recent methamphetamine use (Simon et al., 2000; Monterosso et al., 2005) . Finding of a cumulative effect, however, is consistent with prior findings of deficits in frontal white matter structure (Ernst et al., 2000) and metabolic activity (Kim et al., 2009) , cerebral N-acetylaspartate (Nordahl et al., 2005) , striatal size (Chang et al., 2005) , and dopamine and serotonin transporter availability (Sekine et al., 2006) .
We also found a negative relationship between striatal D 2 /D 3 receptor availability and impulsiveness. VOI analysis revealed such a relationship involving the caudate nucleus and nucleus accumbens in the methamphetamine group only. However, correlation coefficients also were negative for the putamen of the methamphetamine group and for striatal structures of the healthy control group, and our lack of a significant finding may reflect inadequate power. Along this line, effects at discrete sites can be diluted when sampling an entire striatal volume in VOI analysis; and voxelwise analysis revealed a negative association between D 2 /D 3 receptor availability and impulsivity in the putamen of the methamphetamine subjects ( p Ͻ 0.05, TFCE corrected) and in striatal regions in the control group albeit at a statistical threshold of p Ͻ 0.12 (TFCE corrected).
The negative correlation between impulsivity and striatal D 2 /D 3 receptor availability in humans, reported here, is in line with a relationship observed between impulsivity and D 2 /D 3 receptor availability of the ventral striatum in rats (Dalley et al., 2007) , although the present study reports changes in additional regions of the striatum. The discrepancy in subregions of the striatum linked to impulsive behavior in the two species likely reflects profound differences between the subjective self-report of impulsivity taken here and in operant measures of impulsivity in experimental animals as well as possible lack of homology in striatal substructures across species.
As the negative relationship between striatal D 2 /D 3 receptor availability and impulsivity extends to healthy control subjects, it appears to be fundamental (albeit exaggerated in subjects who self-administer methamphetamine). In addition, the association between duration of methamphetamine abuse and striatal D 2 /D 3 receptor availability suggests that methamphetamine exposure has a negative impact on the D 2 /D 3 receptor system, thereby promoting impulsivity. This view is consistent with findings that stimulant administration promotes impulsive behavior in animals (Jentsch and Taylor, 1999) . Nonetheless, we cannot exclude the possibility that lower D 2 /D 3 receptor availability (with attendant greater impulsivity) contributes to the self-administration of methamphetamine.
The mechanism by which striatal D 2 /D 3 receptors can influence impulsivity is not completely clear, but accumulating evidence points to a "frontostriatal system" in influencing various dimensions of impulsivity (Aron et al., 2007; Dalley et al., 2008) . Prefrontal cortical inhibition of subcortical and posterior cortical structures is thought to play a key role in modulating behavior, and lesions of the prefrontal cortex have been linked with deficits in motor response inhibition (Aron et al., 2004) . In addition, striatal lesions in rats increase impulsivity, as measured on the delayed discounting task (Cardinal et al., 2001; Pothuizen et al., 2005) and the Stop Signal Task (Eagle and Robbins, 2003) . Similarly, patients with basal ganglia lesions also have impaired performance on the Stop Signal Task (Rieger et al., 2003) . Neuroimaging studies have provided evidence for striatocortical link in a network that may be related to impulsivity. In this regard, striatal D 2 /D 3 receptor availability was positively related to glucose metabolism in cortical regions involved in inhibitory control (e.g., orbitofrontal cortex, cingulate gyrus, and dorsolateral prefrontal cortex). This positive correlation has been observed in individuals who engage in stimulant abuse (Volkow et al., 1993 (Volkow et al., , 2001 ) and in obese subjects (Volkow et al., 2008) .
Our results provide direct empirical evidence that striatal D 2 /D 3 receptor availability is associated with impulsiveness in humans, suggesting an important link between a striatal dopaminergic system and cortical influence on a wide variety of disorders that involve uninhibited maladaptive behavior.
